To compact the extracellular sides of myelin, an important transition must take place: from membrane sliding, while building the wraps, to membrane adhesion and water exclusion. Removal of the negatively charged glycocalyx becomes the limiting factor in such transition. What is required to ini- 
microscopy as the major dense line (MDL, condensation of the intracellular space) and intra-period line (IPL, condensation of the extracellular space). The complex process of myelination is a robust one, with many regulatory "checkpoints" and redundant systems to safeguard the final product: a healthy and properly myelinated axon. Knocking-out important structural or regulatory players often have less-than-expected effects. For example, functional myelination still occurs in specific brain areas in the absence of Fyn, a kinase of the SLK family with pivotal roles in transducing and integrating axon-derived signals (reviewed by Kramer-Albers & White, 2011; White & Kramer-Albers, 2014) .
Myelin compaction of the already formed myelin layers can be dissociated in two phases: intracellular and extracellular leaflet compaction.
While the former is well understood thanks to many studies on the role of myelin basic protein (Mbp) in myelin assembly (at cellular, biochemical and biophysical levels; reviewed by Aggarwal, Yurlova, & Simons, 2011; Bakhti et al., 2014) , the compaction of myelin extracellular sides remains elusive. Experimental manipulations of key candidate proteins (protein zero, P0, in peripheral nervous system [PNS] and proteolipid protein, Plp, in central nervous system [CNS] ), thought to mediate the required adhesion between extracellular leaflets, either produced major alterations in several myelination steps, affecting both intracellular and extracellular leaflet compaction (Giese, Martini, Lemke, Soriano, & Schachner, 1992) , or yielded less effects than expected on myelin compaction. Lack of Plp does not prevent the formation of compact myelin (Klugmann et al., 1997) , and compact myelin regions are also found in P0-KO nerves coexisting with severe defects in myelin sheaths (Giese et al., 1992) , revealing again the robustness of the process. On the other hand, experimental manipulation of the glycocalyx of oligodendrocytes in culture modifies the adhesion of myelin particles (Bakhti et al., 2013) . Currently, the working hypothesis in the field is that removal of the hydrophilic glycocalyx is required, as a limiting factor, to allow for protein-protein interactions between apposing myelin membranes (Bakhti et al., 2014; Bakhti et al., 2013) . Within this paradigm, the role of P0 or Plp proteins is to maintain the "membrane zip" locked, not to initiate the "zipping" process itself. However, no single mutant so far has been described that specifically alters myelin IPL (Bakhti et al., 2014) .
What is then controlling the glycocalyx remodeling needed for the final step in myelin compaction? Sialidases must play an important role, since their activity not only would reduce cell surface hydrophilicity, but also the negative charge of sialic acid in myelin glycoproteins and glycolipids, thus decreasing repulsion between apposed membranes.
Myelin-related problems have been associated to genetic disorders affecting lysosomal neuraminidase 1 (Neu1), its interacting partners or its subcellular location (sialidosis, OMIM 256550, galactosialidosis, OMIM 256540, or GM1-gangliosidosis, OMIM 230500, and references within), and lysosomal Neu4 is able to restore lysosomal phenotypes in human fibroblasts (Seyrantepe et al., 2004) . However, no myelin dysfunction has been reported for Neu4 (OMIM 608527) or for the plasma-membrane-bound Neu3 (OMIM 604617), which has been associated instead to axonal growth (Da Silva, Hasegawa, Miyagi, Dotti, & Abad-Rodriguez, 2005) or regeneration upon injury (Kappagantula et al., 2014) . Whether sialidase deficits result specifically in myelin outer leaflet compaction is not known. Curiously, all lysosomal storage diseases known so far, independently of the gene affected, are associated to leukodystrophy or myelination problems (Nave & Werner, 2014; Renaud, 2012) , and lysosomal-dependent membrane recycling has important implications for the correct location of Plp in CNS compact myelin domains (Baron & Hoekstra, 2010; Trajkovic et al., 2006) .
We have recently discovered that the Lipocalin Apolipoprotein D (ApoD), already known to be required for adequate myelin management after PNS injury (Ganfornina et al., 2010; Garcia-Mateo et al., 2014) , is targeted to lysosomes in astrocytes and neurons, and is required for lysosomal membrane stability and pH homeostasis (Pascua-Maestro, Diez-Hermano, Lillo, Ganfornina, & Sanchez, 2017) . The pH distribution of the subset of ApoD-positive lysosomes is in the range of optimal pH for neuraminidases, also coincident with that of secretory lysosomes. A lysosomal population with these properties would be the perfect candidate to manage glycocalyx remodeling and myelin membrane recycling. This unexpected relationship of ApoD with such a subset of lysosomes, and the evidences that myelin built in an ApoD-KO background must have different properties altering myelin recognition and digestion by phagocytic cells (Garcia-Mateo et al., 2014; Pascua-Maestro et al., 2017) , led us to study the role of ApoD in the development and maturation of myelin.
By analyzing myelin formation and maintenance from postnatal day 3 (P3) to aged mice (P630) we have found that lack of ApoD specifically alters the process of myelin extracellular leaflet compaction in both CNS and PNS without major defects in intracellular leaflet compaction or other myelin properties. The functional consequences of this specific alteration of the terminal phase of myelin maturation are explored, as well as the signaling pathways altered throughout myelination. We conclude that ApoD ultimately controls the removal of the sialic-rich hydrophilic glycocalyx, by maintaining functional integrity of lysosomes. A detailed analysis of the mechanism in the PNS reveals that the proper localization (and hence activity) of both lysosomal Neu1 and plasma membrane Neu3, as well as of the membrane-bound Fyn kinase, depend on ApoD. Finally, we demonstrate that lysosomally-located ApoD is necessary and sufficient to revert the hypersialylated glycocalyx phenotype in ApoD-KO glial cells.
| M A TER I A LS A N D M ETH OD S

| Animals
ApoD-KO mice, generated by homologous recombination (Ganfornina et al., 2008) , were maintained in positive pressure-ventilated racks at 25 6 18C with 12 hr light/dark cycle, fed ad libitum with standard rodent pellet diet (Global Diet 2014; Harlan Inc., Indianapolis, IN) , and allowed free access to filtered and UV-irradiated water. To avoid potential maternal effects of ApoD, and to generate wild-type (WT) and ApoD-KO mice of homogeneous genetic background, the experimental cohorts used in this study are the F1 generation of homozygous crosses of ApoD 2/2 and ApoD 1/1 littermates born from heterozygous crosses of an ApoD-KO line backcrossed for over 20 generations into the C57BL/6J background. 
| Behavioral analyses
Open field tests were performed with a MIR-100 infrared digital camera and the Activity Monitor (v. 5.0) acquisition and analysis program (Med Associates). Locomotor behavior was explored during a 5-min session in a 27 3 27 cm arena.
Rotarod analysis was performed with an Ugo Basile (Varese, Italy) apparatus. The protocols used for training and test sessions are described in Figure 2e .
| Primary astrocyte cell cultures
ApoD-KO and WT neonatal (1-2 days old) mice were used for primary astrocytes cultures as described (Bajo-Grañeras, Ganfornina, MartinTejedor, & Sanchez, 2011a; Pascua-Maestro et al., 2017) . Cell extracts from cerebral cortices were obtained by a combination of enzymatic and mechanical dissociation, resuspended in Dulbecco's modified Eagle medium with 10% fetal bovine serum, 1% L-glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, 0.25 lg/ml amphoterycin B plated on culture flasks and incubated at 378C in 5% CO 2 with 90%-95% humidity. The culture medium was replaced weekly. Cell cultures were used for experiments after two subculture steps, when >99% of cells are astrocytes (Bajo-Grañeras et al., 2011a) .
Human ApoD purified from breast cystic fluid (Ruiz, Sanchez, Correnti, Strong, & Ganfornina, 2013) or recombinant human ApoD from Escherichia coli (ProSpec) were added (10 nM) to the cell cultures.
For long-term treatment (7 days), media was replaced every 48-72 hr with freshly added ApoD.
| Histochemistry, immunochemistry, and immunocytochemistry
Nerve and brain samples were fixed by immersion in 4% formaldehyde overnight at 48C. The tissues were washed thoroughly in phosphate buffered saline (PBS), and either embedded in paraffin following standard procedures or cryoprotected and frozen in Tissue-Tek (Sakura, Torrance, CA). Paraffin sections (4 lm), performed with a rotary microtome (Microm, Wayzata, MN), or Cryostat (Microm) sections (10 lm) were mounted on polysine slides (Menzel-Gläser) and dried or stored at 2208C respectively.
Paraffin sections were dewaxed in xylene and rehydrated through ethanol series in PBS. Endogenous peroxidase was inactivated with Teased nerve fibers were obtained from 4% formaldehyde fixed mouse sciatic nerves as described (Krinke, Vidotto, & Weber, 2000) . Luxol Fast Blue (LFB) staining was carried out in paraffin sections incubated in LFB solution at 378C overnight, washed in 95% ethanol, differentiated in 0.005% lithium carbonate followed by 70% ethanol, and mounted after dehydration and clearing in Eukitt. The process was performed in parallel for all sections probed.
| In situ hybridization
ApoD digoxigenin-labeled riboprobes (sense and antisense) were synthesized from a fragment of the mouse cDNA clone comprising the coding sequence and part of the 3 0 -UTR (Sanchez, Ganfornina, & Martinez, 2002) . In situ hybridizations were performed at 638C on 30 mm cryostat sections with the 1 mg/ml riboprobe. Non-specific hybridization of the ApoD riboprobe was evaluated with a sense probe. APconjugated mouse anti-digoxigenin IgG (Roche, Basel, Switzerland) was used to develop the riboprobe signal.
| Myelin preparations
Myelin preparations were performed as described (Garcia-Mateo et al., 2014) . In brief, myelin was isolated from whole brain or pools of sciatic nerves of 3-month-old mice by sucrose density-gradient centrifugation, according to Norton & Poduslo method (1973 were collected with the AOBS system and three spectral detectors. Laser power and detection gains were set by scanning control samples labeled with secondary antibody alone. We ensured to obtain similar dynamic ranges in our images, and adjusted gain and offset using look-up tables.
Images were stored as 1024 3 1024 pixels and 8-bit TIFF files.
Z-series (xyz scan) were performed and the optimal value of the step size was calculated for the wavelength used to fulfill the Nyquist theorem. The optical section thickness was 0.772 mm, and scanning was performed with a 1.0 Airy unit pinhole size.
Images were processed with a Gaussian Blur filter (Sigma [Radius]:
1.00), to facilitate object detection, and analyzed with tools of the FIJI software.
| Immunoblot analysis
Tissues were homogenized in lysis buffer (1% Nonidet P-40, 0.1% SDS, 10% Glycerol, 1% sodium deoxycholate, 1 mM dithiothreitol, 1 mM eth- We used three independent protein preparations per genotype and age. For CNS samples, 3 cerebella were pooled in each preparation.
For PNS samples, pools of 6 nerves (P10 and older ages) or 12 nerves (P3) were used. Three experiments (technical replicas) were performed with each sample set unless noticed.
| Quantitative real-time polymerase chain reaction
Mouse tissues used for mRNA expression studies were stored at 2808C, and RNA was extracted with RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) using QIAzol Lysis Reagent (Qiagen). RNA concentration was measured with a Nanodrop spectrophotometer, and the RNA quality assessed by agarose electrophoresis. Following DNAse treatment, 500 ng of total RNA were reverse-transcribed with PrimeScript (Takara Bio Inc., Otsu, Japan) using Oligo-dT primers and random hexamers. The resulting cDNA was used as a template for quantitative real-time polymerase chain reaction (RT-qPCR) using SybrGreen (SYBR Premix Ex Taq kit, Takara). The primers used for RT-qPCR are shown in Table 1 . Rpl18 was used as the reference gene.
Primer Name Sequence
The mRNA transcription levels were assessed with the DDCT method (Livak & Schmittgen, 2001 ) using normalization to Rpl18 for each condition. Statistically significant differences of gene transcriptional changes were evaluated with a Mann-Whitney U test (Yuan, Reed, Chen, & Stewart, 2006) using DCT of each replica (calculated by subtracting the average CT of the reference gene for each sample). The statistical level of significance was set at P < 0.05.
Three independent mRNA preparations were performed per genotype and age, with pools of 3 cerebella or 6 nerves (with the exception of P3 and P10, where 12 nerves were used). Four experiments (technical replicas) were performed with each sample set.
| Statistical analysis
Statistical analyses were performed with SPSS v.19 (IBM) and SigmaPlot v.11.0 (Systat, San Jose, CA) softwares. A P value <0.05 was used as a threshold for significant changes. The tests used for each experiment are stated in figure legends.
| R E SU LTS
| ApoD expression increases during myelination and keeps growing throughout aging in PNS and CNS
We have previously analyzed ApoD expression in the nervous system under stress, damage or pathological conditions (Bajo-Grañeras et al., 2011a; Ganfornina et al., 2008; Ganfornina et al., 2010; GarciaMateo et al., 2014; Li et al., 2015; Sanchez et al., 2015) , and found that it is up-regulated in glial cells in both CNS and PNS (reviewed by Dassati, Waldner, & Schweigreiter, 2014) . In the healthy brain, the major cell type expressing ApoD is the mature oligodendrocyte (Supporting Information, Figure S1a and Ganfornina et al., 2005; Navarro, Del Valle, & Tolivia, 2004; Ong et al., 1999; Provost et al., 1991; Soreq et al., 2017) , and the oligodendrocyte-specific transcriptome is particularly altered in ApoD-KO mice (Bajo-Grañeras et al., 2011b) . As mentioned above, the manipulation of obvious candidates to be key myelin proteins triggering extracellular leaflet compaction (P0 and Plp), precluded a clear dissociation between phases of myelin compaction. After a normal early myelination phase, the specificity of ApoD-KO compaction defect, particularly evident in the extracellular leaflet of myelin in both CNS and PNS, gives ApoD a novel and unique function within the myelin maturation process.
| Motor learning is compromised in the absence of ApoD
Does the defective ApoD-KO myelin maturation and the resulting altered structure have functional consequences? We already know that ApoD-KO mice have age-dependent functional defects in the PNS, with a 29% average reduction of motor nerve conduction velocity in 40 week old mice (Ganfornina et al., 2010) .
Recent reports have demonstrated that ongoing adult oligodendrocyte production and differentiation are required for learning motor skills, and that learning conversely promotes oligodendrocyte precursor proliferation and maturation (McKenzie et al., 2014; Xiao et al., 2016) . To test whether myelin-related functional impairments are also present in the CNS of ApoD-KO mice, we evaluated their performance in a motor task learning paradigm that requires accurate timing of signal processing mainly in the cerebellum and its input and output circuits.
Two independent cohorts were evaluated with a rotarod training and test paradigm that is performed along a 3 days period (Figure 2e ).
This protocol was applied to a set of mice at P21 (Figure 2a ), and to another group at P140 (Figure 2d ), ages at which peripheral nerve conduction velocity is not altered yet. None of the groups showed differences in weight gain over postnatal development or in general locomotor activity assessed by an open field test (Supporting Information, Figure S3 ).
Lack of ApoD results in significantly lower scores than WT control mice in the rotarod accelerated test sessions, but performance diverged during the constant speed training sessions. This genotypedependent low performance was particularly evident in the P140 cohort, clearly showing age-dependent alterations in the motor learning process itself.
To evaluate whether long-term storage of motor programs was affected, we exposed the first cohort to two recall protocols ( Figure   2b ,c): a first one at P140 (less demanding, starting rod speed:
4 rpm) and a second one, four weeks later, with the same difficulty level than the one experienced at P21. No differences between genotypes were observed in the recall sessions, suggesting that long-term storage of the motor program necessary to master the task has been successful (compare initial proficiency in Figure 2a and 2c, arrows).
Thus, the process of outer leaflet compaction needs to be completed in order to have adequately timed CNS circuit activity for motor task learning, and to be able to maintain normal axonal conduction velocities in peripheral nerves upon aging. Both CNS and PNS functional parameters require ApoD. A standard rotarod sequence of 6 training sessions at 21 rpm without acceleration, and 3 tests (acceleration starting at 21 rpm), was performed at P21 or P140. Each session consists of two (white ovals) or three (black ovals) trials on the rod separated by 5 min waiting time. Cohort 1, tested at P21, was subjected to two recall sequences at low starting speed (4 rpm at P140), or standard speed (21 rpm at P168). Statistical differences were assessed by ANOVA followed by Tukey post-hoc test. *P < .05 5b), but the ERK-mediated pathway behaves as in PNS, with a sustained down-regulation starting at P25 (Figure 5d ).
Our results demonstrate the influence of ApoD in growth-related signaling responses that are either specific to PNS (the lipogenic switch control), or common to both CNS and PNS (signaling governing myelin wraps growth). ApoD loss starts altering signaling only after the first phases of myelin assembly have taken place.
| ApoD is required for the process of myelin glycocalyx removal and conditions gangliosides content and distribution
The structural and functional abnormalities caused by the lack of ApoD in both CNS and PNS myelin predict that basic biochemical properties of myelin sheaths should be altered. Luxol Fast Blue staining reveals a much fainter signal in both PNS and CNS myelin in ApoD-KO mice (Figure 6a) , showing clear genotype-dependent biochemical differences. The low retention of the colored anions of the sulfonated copper phthalocyanine salt (Kiernan, 2010) indicates that ApoD-KO myelin is less hydrophobic than WT myelin, and that the dye has less interactions with membrane phospholipids (Pearse, 1955) . This property is coherent with aberrant water presence in the outer leaflet layer of uncompacted myelin, and would undoubtedly contribute to the functional impairment and lower conduction velocity of fibers in ApoD-KO mice. Interestingly, ApoD genotype-dependent differences in LFB staining of sciatic nerves appear at late stages of myelin maturation (P10 and P25), but not at P3 when the initial phases of myelination are taking place (Supporting Information, Figure S4 ).
The outer surface glycocalyx of myelinating cells is initially abundant and negatively charged, due to sialylated glycolipids and glycoproteins, favoring displacement of myelin sheaths as they wrap axons.
However, this hydrophilic cover needs to be extensively removed in order to promote the final adhesion of the two apposed membranes (Bakhti et al., 2014; Bakhti et al., 2013) . The most direct cause of the anomalous hydrophilicity and uncompacted outer leaflet in ApoD-KO myelin would be a deficit in glycocalyx removal.
To test this prediction, Maackia amurensis lectin was used to assay sialic acid content in sciatic nerves. A clear increase is observed in ApoD-KO nerves (Figure 6b ).
Since no alterations are observed in the content of the abundant glycoprotein Mag (Figure 4 ), which is highly sialylated (Sedzik, Jastrzebski, & Grandis, 2015) , we studied the most sialylated species of gangliosides in the nervous system (Gong et al., 2002; Lunn et al., 2000; Vajn, Viljetic, Degmecic, Schnaar, & Heffer, 2013) . We used antibodies specific for GM1-2b and GD1a (belonging to the A-series of ganglioside biosynthesis, with 1 and 2 sialic acid moieties), and for GD1b and GT1b These results demonstrate that ApoD is required for proper glycolipid management during myelin membrane compaction. All previous stages of myelination initiation and wrapping of axons are unaltered, but in the last phase of myelin maturation sialic acid moieties are not removed properly from the abundant glycolipids of myelin membranes.
The altered final distribution of these important myelin components must be the reflection of disturbances in the process of myelin membrane recycling underlying the composition changes needed to transition from myelin sheaths growing and sliding to build the wraps, to the final phase of membrane apposition, adhesion and compaction of the extracellular leaflet.
| Adequate subcellular localization of lysosomal and membrane sialidases and of Fyn kinase depend on ApoD
To further understand the mechanism of myelin membrane remodeling preceding the final step of extracellular leaflet compaction in the PNS, we analyzed the expression and subcellular localization of sialidases, in charge of removing sialic acid moieties from glycolipids and glycoproteins (reviewed by Miyagi & Yamaguchi, 2012) . Our recent discovery that ApoD traffics from plasma membrane to lysosomes in astrocytes and neurons (Pascua-Maestro et al., 2017) led us to test lysosomal and membrane sialidases. Lysosomal Neu1 has glycoproteins as preferential substrates. Neu3, located at the plasma membrane, acts primarily on glycolipids and its expression is boosted as part of the acute response to nerve injury, contributing to myelin degradation (Kappagantula et al., 2014) .
As in astrocytes (Pascua-Maestro et al., 2017) , ApoD is present in Schwann cells lysosomes, as evidenced by co-localization with Lamp2 
Plasma membrane Neu3 is also co-expressed with ApoD in
Schwann cells (Figure 7m ,n), and it is abundant in myelin membrane, as evidenced in teased nerve preparations (Figure 7l ). Upon injury, the increased levels of Neu3 also extensively co-localizes with ApoD (Supporting Information, Figure S5c) . Therefore, there must be common signals coordinating the expression of ApoD with both Neu1 and Neu3.
In astrocytes, ApoD is targeted to a subset of lysosomes particularly vulnerable to oxidative stress, and the lack of ApoD results in lysosomal partial permeabilization and alkalinization (Pascua-Maestro et al., 2017) . Using teased nerve preparations to isolate single fibers, we demonstrate that the characteristic Neu1 punctate labeling (concentrated in perinuclear and paranodal cytoplasm-rich regions of the Schwann cells) disappears in ApoD-KO nerves (Figure 8a ), a result compatible with the lysosomal leakage that occurs in the absence of ApoD. When analyzing Neu3 expression pattern (Figure 8b) , the results suggest that either it gets down regulated or its membrane location is reduced in ApoD-KO fibers.
In oligodendrocytes, membrane trafficking and sorting are known to take place through specialized endosome and lysosome-mediated recycling paths (Feldmann et al., 2011) , and the key regulatory kinase To test these ideas further, we examined whole protein extracts and myelin preparations by immunoblot (Figure 8c,d ). Though no ApoD-dependent changes are observed in total Neu3 protein expression from P3 to P630 (Figure 8c ), Neu3 is completely depleted in adult PNS myelin preparations (Figure 8d ). Total Fyn expression peaks at P10, as expected (Kramer, Klein, Koch, Boytinck, & Trotter, 1999) , and this up-regulation is significantly enhanced in the absence of ApoD (Figure 8c ). Total Fyn returns to low, ApoD-independent, levels at later ages. However, when testing for its presence in myelin preparations, Fyn is clearly enriched in ApoD-KO PNS myelin (Figure 8d ), mirroring the behavior of Neu3. This is in agreement with the increased labeling in the teased nerve preparations (Figure 8b ). Levels of activated ERK decrease in ApoD-KO cerebellum starting at P25, without changes during the early phases of myelination. Statistical differences were assessed by Mann-Whitney U test (a and b), unpaired Student's t test (c) and by ANOVA on ranks followed by Tukey post-hoc test (d). *P < .05
These results provide a strong indication that ApoD, by helping to preserve lysosomal membrane integrity, provides the necessary conditions to maintain an adequate activity of lysosomal sialidases and, at the same time, controls the adequate lysosomal-mediated traffic of Neu3 and Fyn to and from myelin membrane, which is ultimately required for myelin complete compaction.
| Stable presence of ApoD in the lysosome is required to rescue ApoD-KO hypersialylated glycocalyx in astrocytes
The data presented so far demonstrate that ApoD is required for the orchestrated actions leading to glycocalyx removal, the limiting factor FIG URE 6 Hydrophobicity, sialic acid and gangliosides content are altered in the absence of ApoD. (a) Luxol Fast Blue staining of paraffin sections of sciatic nerves and corpus callosum at P100. Reduced myelin hydrophobicity is reflected in the anomalous staining of ApoD-KO myelin, both in PNS and CNS. (b) Sialic acid content in WT and ApoD-KO sciatic nerves was quantified by Maackia amurensis lectin labeling in cryostat sections. A significant increase is observed in ApoD-KO nerves, while the perineurial labeling is not dependent on genotype. (c and d) Antibodies specific for the four most sialylated membrane glycolipids were used in sciatic nerve cryostat sections. Significantly increased levels are observed for the three ganglioside species most represented in myelin (GM1-2b, GD1b, and GT1b). Clear alterations in spatial distributions are also observed for GD1a and GT1b, constituting the terminal branches of A and B-series of ganglioside biosynthetic pathways. Statistical differences assayed by unpaired Student's t test (b) and by ANOVA followed by Tukey post-hoc test (d). *P < .05 and **P < . These defects in myelin glycocalyx removal eventually condition the expression of Plp and P0, preventing completion of the extracellular leaflet compaction process. Our data support that two separate processes, the removal of repulsive structures and the expression of adhesive proteins to "lock the zip" (as proposed by Bakhti et al., 2014) , can be dissociated. Thus, glycocalyx removal precedes Plp or P0 "stapler" function, and becomes a limiting factor for the completion of compact myelin.
Various functional consequences derive from the ApoD-KO "unfinished" myelin: (1) peripheral nerves decrease their conduction velocity by 40 weeks of age, without alterations in compound action potential amplitude or duration (Ganfornina et al., 2010) and (2) (e.g., hippocampus-dependent object recognition tasks, Sanchez et al., 2015) . Cognitive and motor deficits do appear later upon further aging in ApoD-KO (Ganfornina et al., 2008; Ganfornina et al., 2010; Sanchez et al., 2015) , suggesting defective myelin vulnerability to agedependent deterioration. to axon signals (Kippert, Trajkovic, Rajendran, Ries, & Simons, 2007; Trajkovic et al., 2006) , and Fyn kinase is known to function upstream of RhoA (reviewed by Baron & Hoekstra, 2010; White & KramerAlbers, 2014) . Furthermore, the effect of ApoD on Fyn subcellular localization in the PNS suggests that this membrane-bound kinase does traffic to and from myelin membrane, and predicts changes in downstream events, depending on its compartmentalization in membranes with different lipid-based structures (Kramer et al., 1999) . Interesting aspects of the signaling mechanisms controlling myelin biogenesis and maintenance are also revealed by our work. A feedback mechanism must exist that senses when myelin compaction has been completed, and informs the system to switch from a "maturation" to a "maintenance" program. The expression and signaling profile that we observe in the absence of ApoD, with halted growth promoting and lipogenic pathways downstream of Nrg1 III/ErB3 (Glenn & Talbot, 2013; Norrmen et al., 2014) , might be the "bar-code" of a Schwann cell that has not received the "myelin-is-ok" signal. In this situation, Fyn 
| Functional consequences of ApoD glycocalyx management in health and disease
A major conclusion revealed by our findings is that a lipid binding protein of the Lipocalin family, typically described as lipid transporters, ultimately controls the glycocalyx of cells thanks to the maintenance of healthy lysosomal membranes, which conditions sialidases location and
activity. An excessive glycocalyx results in a functionally suboptimal myelin cover, both in CNS and PNS.
When hyperglycosylation is the primary defect in a myelinating cell, as it is the case for one of the human mutations in P0 (D32N), a severe demyelination takes place mainly due to altered traffic of the hyperglycosylated P0 protein (Prada et al., 2012) .
When lysosomal dysfunction is the primary defect, it is not surprising that myelin defects follow, as it is the case in all lysosomal storage diseases known so far (Nave & Werner, 2014; Renaud, 2012) . Thus, In summary, in addition to the role for ApoD in myelin compaction, our data suggest that hypersialylated cells in the nervous system would condition phagocytosis efficiency not only upon injury or disease (where myelin phagocytosis is a limiting factor for axonal regeneration), but in normal conditions. Our plastic brain, where phagocytosis of excess neurons or synapses is paramount to normal development and influences whole life learning and memory, requires a fine control of the glycocalyx. ApoD contribution to such a control opens new research avenues to explore in the future.
| CON CL U S I ONS
Our study of ApoD in the process of myelin biogenesis supports the following conclusions:
1. A clear dissociation exists between two related, but independent, phases of myelin compaction: intracellular-leaflet compaction (MDL) and extracellular-leaflet compaction (IPL).
2. IPL formation specifically requires an adequate lysosomaldependent myelin membrane recycling and remodeling.
3. ApoD-dependent lysosomal functional integrity is essential for myelin glycocalyx management: (1) by optimizing lysosomal sialidase activity (Neu1) and (2) by regulating myelin membrane traffic that determines the distribution of membrane sialidase Neu3 and the membrane-bound Fyn kinase.
4. ApoD loss has consequences for growth promoting and lipogenic signaling cascades, integrated in a dynamic neuron-glia communication required throughout life.
5. Knocking-out ApoD neither alters the myelination initiation process nor prevents MDL compaction. It precludes extracellular leaflet compaction throughout life and results in sub-optimal myelin sheets, which impinges on behavioral outputs.
6. Hypersialylation in the absence of ApoD is a mechanism that can be generalized to ApoD-expressing glial cells, and targeting ApoD to lysosomes is sufficient for glial cells to control their glycocalyx.
We need healthy lysosomes for the biogenesis of a healthy myelin and for myelin management upon injury or disease, and ApoD contributes significantly to both goals.
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